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REMARKS 

Claims 40-44 are currently pending. Applicants respond below to the specific rejections 
raised by the Examiner in the Office Action mailed March 16, 2005. For the reasons set forth 
below, Applicants respectfully traverse. 

Rejection Under 35 U.S.C, 8 101 - Utility; 

The Examiner has maintained the rejection of Claims 40-44 as lacking a specific, 
substantial, and credible utility for the reasons set forth in the Office Actions mailed April 28, 
2004 and September 17, 2004. In particular, the Examiner states that the asserted utilities for the 
claimed antibodies set forth in the specification and Office Action responses - grounded on the 
utility of PR0444 as a diagnostic marker for pericyte-associated tumors, use as a reagent to 
identify and isolate PR0444 antagonists, and use as a therapeutic to stimulate angiogenesis - are 
unpersuasive. The Examiner alleges that there is no evidence that PR0444 is exclusively present 
or expressed at altered levels in pericyte-associated tumors, and hence PR0444 caimot be used as 
a marker for the same. The Examiner also argues that there is no evidence that PR0444-induced 
activation of c-fos is specifically related to pericyte-associated tumors or angiogenesis. 

The Examiner maintains that Dr. Gerritsen's Declaration is insufficient to overcome the 
rejection. Specifically, the Examiner asserts that Dr. Gerritsen's declaration is not backed by 
scientific literature showing the importance of pericytes in regulating angiogenesis or the role of 
C'fos in regulating cancer and angiogenesis. The Examiner maintains that, as Dr. Gerristen 
testifies, many growth factors are known to induce c-fos. The Examiner cites to Sakurai et al. 
and Otani et al. as supporting evidence of the various known regulators of c-fos. The Examiner 
concludes that since PR0444 is not the only regulator of c-fos there is thus "no specific 
biological function that could be particularly attributed to PR0444 with respect to its abihty to 
activate c-fos expression in pericytes." Office Action at 5. The Examiner also cites to Ozerdem 
et al. for the proposition that the role of pericytes in the formation of tumor neovasculature varies 
depending on the type of tissue and tumor, and concludes that PR0444 cannot be specifically 
associated with the onset of cancer and angiogenesis. 

Applicants respectfully disagree. 
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Utility — Le^al Standard 

According to the Utility Examination Guidelines ("Utility Guidelines"), 66 Fed. Reg. 
1092 (2001) an invention complies with the utility requirement of 35 U.S.C. § 101, if it has at 
least one asserted "specific, substantial, and credible utility" or a "well-established utility." 

Under the Utility Guidelines, a utility is "specific" when it is particular to the subject 
matter claimed. For example, it is generally not enough to state that a nucleic acid is useful as a 
diagnostic tool without also identifying the condition that is to be diagnosed. By contrast, the 
utility requirement is satisfied when "an applicant discloses a specific biological activity and 
reasonably correlates that activity to a disease condition." M.P.E.P. § 2107.01(1). 

The requirement of "substantial utility" defmes a "real world" use, and derives from the 
Supreme Court's holding in Brenner v: Manson, 383 U.S. 519, 534 (1966) stating that "The basic 
quid pro quo contemplated by the Constitution and the Congress for granting a patent monopoly 
is the benefit derived by the public from an invention with substantial utility." In explaining the 
"substantial utility" standard, M.P.E.P. § 2107.01 cautions, however, that Office personnel must 
be careful not to interpret the phrase "immediate benefit to the public" or similar formulations 
used in certain court decisions to mean that products or services based on the claimed invention 
must be "currently available" to the public in order to satisfy the utility requirement. "Rather, any 
reasonable use that an applicant has identified for the invention that can be viewed as providing 
a public benefit should be accepted as sufficient, at least with regard to defining a 'substantial' 
utility." (M.P.E.P. § 2107.01, emphasis added). 

Indeed, the Guidelines for Examination of Applications for Compliance With the Utility 
Requirement, set forth in M.P.E.P. § 2107 11(B)(1) gives the following instruction to patent 
examiners: "If the applicant has asserted that the claimed invention is useful for any particular 
practical purpose ... and the assertion would be considered credible by a person of ordinary skill 
in the art, do not impose a rejection based on lack of utility." 

Utility need NOT be Proved to a Statistical Certainty - a Reasonable Correlation between the 
Evidence and the Asserted Utility is Sufficient 

An Applicant's assertion of utility creates a presumption of utility that will be sufficient 
to satisfy the utility requirement of 35 U.S.C. § 101, "unless there is a reason for one skilled in 
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the art to question the objective truth of the statement of utiUty or its scope." In re hanger, 503 

F.2d 1380, 1391, 183 USPQ 288, 297 (CCPA 1974). See. also In reJolles, 628 F.2d 1322, 206 

USPQ 885 (CCPA 1980); In re Irons, 340 F.2d 974, 144 USPQ 351 (1965); In re Sichert, 566 

F.2d 1154, 1159, 196 USPQ 209, 212-13 (CCPA 1977). Compliance with 35 U.S.C. § 101 is a 

question of fact. Raytheon v. Roper, 724 F.2d 951, 956, 220 USPQ 592, 596 (Fed. Cir. 1983) 

cert, denied, 469 US 835 (1984). The evidentiary standard to be used throughout ex parte 

examination in setting forth a rejection is a preponderance of the evidence, or "more likely than 

not" standard. In re Oetiker, 977 F.2d 1443, 1445, 24 USPQ2d 1443, 1444 (Fed. Cir. 1992). 

This is stated explicitly in the M.P.E.P.: 

[T]he applicant does not have to provide evidence sufficient to estabUsh that an 
asserted utility is true "beyond a reasonable doubt." Nor must the applicant 
provide evidence such that it establishes an asserted utility as a matter of 
statistical certainty. Instead, evidence will be sufficient if, considered as a 
whole, it leads a person of ordinary skill in the art to conclude that the asserted 
utility is more likely than not true . M.P.E.P. at § 2107.02, part VII (2004) 
(underline emphasis in original, bold emphasis added, intemal citations omitted). 

The PTO has the initial burden to offer evidence "that one of ordinary skill in the art 
would reasonably doubt the asserted utility." In re Brana, 51 F.3d 1560, 1566, 34 U.S.P.Q.2d 
1436 (Fed. Cir. 1995). Only then does the burden shift to the Applicant to provide rebuttal 
evidence. Id, As stated in the M.P.E.P., such rebuttal evidence does not need to absolutely prove 
that the asserted utility is real. Rather, the evidence only needs to be reasonably indicative of the 
asserted utility. 

la Fujikawa v. Wattanasin, 93 F.3d 1559, 39 U.S.P.Q.2d 1895 (Fed, Cir. 1996), the Court 

f 

of Appeals for the Federal Circuit upheld a PTO decision that in vitro testing of a novel 

pharmaceutical compound was sufficient to establish practical utility, stating the following rule: 

[T]esting is often required to establish practical utihty. But the test results need 
not absolutely prove that the compound is pharmacologically active. All that is 
required is that the tests be ^'reasonably indicative of the desired 
[pharmacological] response." In other words, there must be a sufficient 
correlation between the tests and an asserted pharmacological activity so as to 
convince those skilled in the art, to a reasonable probability, that the novel 
compound wdll exhibit the asserted pharmacological behavior." Fujikawa v. 
Wattanasin, 93 F.3d 1559, 1564, 39 U.S.P.Q.2d 1895 (Fed. Cir. 1996) (intemal 
citations omitted, bold emphasis added, italics in original). 
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While the Fujikawa case was in the context of utility for pharmaceutical compounds, the 
principals stated by the Court are applicable in the instant case where the asserted utility is for a 
diagnostic use - utility does not have to be established to an absolute certainty, rather, the 
evidence must convince a person of skill in the art "to a reasonable probability." In addition, the 
evidence need not be direct, so long as there is a "sufficient correlation" between the tests 
performed and the asserted utility. 

Thus, the legal standard for demonstrating utiUty is a relatively low hurdle. An AppUcant 
need only provide evidence such that it is more likely than not that a person of skill in the art 
would be convinced, to a reasonable probability, that the asserted utility is true. The 
evidence need not be direct evidence, so long as there is a reasonable correlation between the 
evidence and the asserted utility. The Applicant does not need to provide evidence such that it 
establishes an asserted utility as a matter of statistical certainty. 

Even assuming that the PTO has met its initial burden to offer evidence that one of 
ordinary skill in the art would reasonably doubt the truth of the asserted utility. Applicants assert 
that they have met their burden of providing rebuttal evidence such that it is more likely than not 
those skilled in the art, to a reasonable probability, would beUeve that the claimed invention is 
useful for the diagnosis and treatment of pericyte-associated tumors and for the stimulation of 
angiogenesis. 

In an attempt to clarify Applicants' argument, Applicants offer a summary of their 
argument and the disputes issues involved. Applicants assert they have provided reUable 
evidence that PR0444 stimulates c-fos in pericytes. Given the estabUshed role of pericytes in 
regulating angiogenesis, and the established role of c-fos in cancer and in stimulating pericytes, 
Applicants submit that the claimed antibodies are useful in generating therapeutics for the 
treatment of pericyte-associated tumors as well as inhibiting angiogenesis, and facilitating 
purification of PR0444 for stimulation of angiogenesis. 

Applicants understand the Examiner to be the following arguments in response to 
Applicants' asserted utilities: 

1 . The Examiner argues that there is no evidence that c-fos induction is associated with 
cancer or angiogenesis. Office Action at 4-5. 
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2. Citing Otani et aL, Sakurai et al. and Coulon et al., the Examiner argues that several 
growth factors are capable of inducing c-fos expression, and therefore PR0444-induced c-fos 
induction is not a biological activity that can be particularly attributed to PR0444. 

3. Citing Ozerdem et al, the Examiner argues that the role of pericytes in angiogenesis is 
not fully understood, and therefore induction of c-fos cannot be specifically associated with 
cancer or angiogenesis. 

4. The Examiner argues that there is no evidence that PR0444 is present exclusively or 
expressed at altered levels in pericyte-associated tumors. 

As detailed below. Applicants submit that the PTO has failed to meet its initial burden to 
offer evidence "that one of ordinary skill in the art would reasonably doubt the asserted utility." 
In re Brana, 51 F.3d 1560, 1566, 34 U.S.P.Q.2d 1436 (Fed. Cir. 1995). The Examiner has failed 
to offer evidence to support the rejection of the evidence provided in the form of scientific 
articles and the Gerritsen declaration (i.e., that c-fos induction is associated with cancer or 
angiogenesis). To the contrary, analysis of the evidence relied upon by the Examiner establishes 
the association between c-fos induction in pericytes and angiogenesis. The fact that other known 
regulators of c-fos expression exist is irrelevant regarding whether PR0444 is a specific regulator 
of c-fos. 

Applicants address each of the Examiner's argxmients in turn. 
Applicants have provided evidence that c-fos induction is associated with cancer and 
angiogenesis 

Applicants submit that the scientific literature illustrates the well-established role of c-fos 
induction in cancer and angiogenesis. For example, in Applicants' Office Action Response 
mailed July 27, 2004, Applicants referenced Saez et al., a study involving c-fos knockout mice 
that demonstrated the requirement of c-fos for the development of malignant tumors. Saez 
emphasizes that their data "highlight the significance of c-fos for full neoplastic development." 
Saez, at 730. Applicants also previously submitted a study by Marconcini et al., which 
establishes the importance of c-fos in angiogenesis. The Marconcini study demonstrated the 
central role of VEGF-D, a growth factor known to be induced by c-fos, in angiogenesis. The 
authors note that angiogenic activity arising fi:om c-fos mediated induction of VEGF "strongly 
suggests that VEGF-D can be a c-fos effector for tumor malignancy." Marconcini et al., at 9676. 
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In further support of Applicants' position, a review article by McCoU et al. is submitted 
herewith as Exhibit A. McCoU discusses the VEGF family of proteins that are "central to 
angiogenesis." McCoU et al, at 463. McCoU notes that "the association between increased 
transcription [of VEGF-D -a regulator of angiogenesis] mediated by [c-fos] and 
tumorigenesis is well established." (McCoU et al. at 471, emphasis added, internal citations 
omitted). In Ught of the above, Applicants submit that they have provided sufficient evidence of 
a specific activity (c-fos induction in pericytes) and have reasonably correlated this activity with a 
disease condition (tumorigenesis). These references clearly establish that one skilled in the art 
would beheve that it is more likely than not that PR0444, an inducer of c-fos activity in cells 
having a known role in angiogenesis, {Le, pericytes), is useful as an angiogenic factor. Further 
support is found in the three references cited by the Examiner, as discussed below. 
The Arguments made bv the Examiner are not Sufficient to Satisfy the PTO 's Initial Burden of 
Offering Evidence "that one of ordinary skill in the art would reasonably doubt the asserted 
utility" 

As stated above, an Apphcant's assertion of utility creates a presumption of utihtv that 

will be sufficient to satisfy the utility requirement of 35 U.S.C. § 101, "unless there is a reason 

for one skilled in the art to question the objective truth of the statement of utility or its scope." In 

reLanger, 503 F.2d 1380, 1391, 183 USPQ 288, 297 (CCPA 1974). The evidentiary standard to 

be used throughout ex parte examination in setting forth a rejection is a preponderance of the 

evidence, or "more likely than not" standard. In re Oetiker, 977 F.2d 1443, 1445, 24 USPQ2d 

1443, 1444 (Fed. Cir. 1992). This is stated explicitly in the M.P.E.P.: 

[T]he applicant does not have to provide evidence sufficient to establish that an 
asserted utility is true "beyond a reasonable doubt." Nor must the applicant 
provide evidence such that it establishes an asserted utility as a matter of 
statistical certainty. Instead, evidence will be sufficient if, considered as a 
whole, it leads a person of ordinary skill in the art to conclude that the asserted 
utility is more likelv than not true . M.P.E.P. at § 2107.02, part VII (2004) 
(underline emphasis in original, bold emphasis added, internal citations omitted). 

The PTO has the initial burden to offer evidence "that one of ordinary skill in tiie art 
would reasonably doubt the asserted utility." In re Brana, 51 F.3d 1560, 1566, 34 U.S.P.Q.2d 
1436 (Fed. Cir. 1995). Only then does the burden shift to the Applicant to provide rebuttal 
evidence. Id. As stated in the M.P.E.P., such rebuttal evidence does not need to absolutely prove 
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that the asserted utility is real . Rathen the evidence only needs to be reasonably indicative of the 
asserted utility. 

Considering the totality of the evidence of record, Applicants submit that the PTO has not 
met its initial burden of overcoming the presiunption that the asserted utility is sufficient to 
satisfy the utility requirement. The evidence proffered by the Examiner to counter Applicants' 
own evidence not only fails to cast doubt on Applicants' asserted utilities, but it demonstrates the 
role of C'fos and pericytes in angiogenesis and neo vasculature. Applicants address each reference 
in turn. 

According to the Examiner, Otani et al. teaches c-fos activation in pericytes by 
angiotensin n and VEGF. The Examiner maintains that this evinces that there is "no specific 
biological function that could be particularly attributed to PR0444 with respect to its ability to 
activate c-fos expression in pericytes." Office Action at 5. As an initial matter, Applicants point 
out that Otani et al. teach induction of VEGF - "a potent angiogenic factor" (Otani et al., at 
1 192) - in retinal pericytes by c-fos^ not induction of c-fos by VEGF. 

Otani et al. analyzed the effect of Angiotensin n on VEGF expression in pericytes. The 
authors found that induction of c-fos in retinal pericytes (through the angiotensin n pathway) 
resulted in an increase in VEGF expression. Based on their results, the authors conclude that c- 
fos plays "a predominant role" in VEGF activation in pericytes. Otani et al., at 1 197. As VEGF 
is characterized as "a potent angiogenic factor," Otani et al. demonstrates the logical correlation 
between c-fos induction in pericytes and angiogenesis. 

Contrary to the Examiner's assertion, the fact that Angiotensin n is also an inducer of c- 
fos does not detract from Applicants' asserted utility. Applicants do not assert that PR0444 is 
the sole regulator of c-fos activity, or even that it is the sole regulator of c-fos activity in 
pericytes. While the Examiner "does not dispute the correctness of [Applicants'] experimental 
protocol," establishing that PR0444 is a specific inducer of c-fos^ the Examiner nevertheless 
maintains that "there appears to be no clear physiological meaning attributed to the activation of 
c-fos by PR0444." Office Action at 6. Applicants submit that given that PR0444 can function 
as an inducer of c-fos in pericytes, it is more likely than not that VEGF will in tum be activated, 
which is a "potent angiogenic factor." 
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Similarly, the Examiner has relied on Sakurai et al. for the proposition since other known 
regulators of c-fos exist, PR0444 lacks utility. Sakurai analyzed proUferation of pericytes in 
response to prostaglandins. The authors found that prostaglandins stimulated c-fos expression in 
pericytes, and that the increased c-fos expression correlated with increased VEGF expression. 
The authors characterize VEGF as "a key growth factor for retinal neovasculatrization" As with 
Otani, Sakurai et al. illustrates the logical correlation between c-fos induction in pericytes and 
angiogenesis. For the reasons discussed in connection with Otani, Applicants submit that 
Sakurai et al. establishes that those skilled in the art appreciate the physiological meaning 
attributed to the action of c-fos in pericytes. 

The Examiner also maintains that Coulon et al. teaches that induction of c-fos represents 
a generalized, first hne of cellular response. Office Action at 6. In the previous Office Action, 
the Examiner argued that the fact that c-fos is activated in several cell types and is not associated 
with a specific physiological fimction, indicates that there is "no scientific logic to conclude that 
the instant PR0444 polypeptides, as inducers of c-fos expression, are involved in tumorigenesis, 
as asserted in the instant specification." Office Action mailed September 17, 2004, at 4. Coulon 
et al. teaches that calcium acts synergistically with other stimuh to activate c-fos transcription in 
fibroblast cells. As stated above. Applicants assert that the fact that other regulators of c-fos exist 
has no bearing on Applicants' asserted utilities (e.g., as a diagnostic or therapeutic target for 
pericvte associated tumors, or as an angiogeneic agent). Applicants have provided evidence that 
PR0444 stimulates c-fos in pericvte cells . In fact, the references cited by the Examiner are 
supporting evidence that those skilled in the art appreciate the connection between c-fos 
induction and angiogenesis in pericytes . Applicants submit that the teachings of Coulon et al 
would not lead one skilled in the art to doubt that induction of c-fos is associated with 
angiogenesis in pericyte cells. 

The Examiner argues that Ozerdem et al. shows that the role of pericytes in formation of 
tumor neovasculature is not fully understood, and therefore PR0444 lacks utiUty because it 
cannot be specifically associated with the onset of cancer or angiogenesis. Applicants 
respectfully disagree with the Examiner's characterization of Ozerdem. The Examiner cites to 
page 241, which reports that the relationship between pericytes and endotheUal cells varies firom 
tissue to tissue. Applicants submit that this section of Ozerdem is silent regarding the role of 
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pericytes in the formation of neovasculature. Instead, the focus of the cited section of Ozerdem 
concerns the relationship between two different types of cells, .i.e., pericytes and endotheUal 
cells. On the other hand, the remainder of Ozerdem confirms the association of pericytes and 
angiogenesis in retinal tissues. Specifically, Ozerdem notes the central role pericytes play in 
angiogenesis. Id. at 426. As a whole, the study supports Applicants' position that pericytes are 
linked to angiogenesis, and that one skilled in the art would more likely than not believe that 
induction of c-fos (known to have a central role in angiogenesis) in pericytes. 
Conclusion 

The Examiner has asserted several arguments for why there is a lack of a substantial 
utiUty: (1) the Examiner alleges that there is no evidence that c-fos induction is associated with 
cancer or angiogenesis; (2) the Examiner argues that several growth factors are capable of 
inducing c-fos expression, and therefore PR0444-induced c-fos induction is not a biological 
activity that can be particularly attributed to PR0444; (3) the Examiner argues that the role of 
pericytes in angiogenesis is not fully understood, and therefore induction of c-fos caimot be 
specifically associated with cancer or angiogenesis; and (4) The Examiner argues that there is no 
evidence that PR0444 is present exclusively or expressed at altered levels in pericyte-associated 
tumors. 

For the above reasons, the Examiner has maintained the position that the claimed 
antibodies cannot be used to stimulate angiogenesis, or as a diagnostic marker or therapeutic 
target for pericyte-associated tumors. Applicants have addressed each of these arguments in turn. 

First, the Applicants provided several references concerning the relationship between c- 
fos induction and angiogenesis and tumor neovascularization. Next, Applicants have 
demonstrated that the fact that PR0444 is not the exclusive c-fos regulator does not detract fi-om 
Applicants' asserted utility. The Examiner has not offered any substantial reasoning or evidence 
to the contrary - the Examiner has cited to references that establish the association between c-fos^ 
angiogenesis, and pericytes, supporting Applicants' asserted utility. 

Given the totality of the evidence provided. Applicants submit that they have established 
a substantial, specific, and credible utility for PR0444 polypeptides as angiogenic agents, and 
thus PR0444 antibodies. According to the PTO Utility Examination Guidelines (2001), 
irrefiitable proof of a claimed utiUty is not required. Rather, a specific, substantial, and credible 
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utility requires only a "reasonable" confirmation of a real world context of use. Applicants 

* 

remind the PTO that: 

A small degree of utility is sufficient . . . The claimed invention must only be 
capable of performing some beneficial function ... An invention does not lack 
utility merely because the particular embodiment disclosed in the patent lacks 
perfection or performs crudely ... A commercially successful product is not 
required . . . Nor is it essential that the invention accompUsh all its intended 
functions ... or operate under all conditions . . . partial success being sufficient to 
demonstrate patentable utility ... In short, the defense of non-utility cannot be 
sustained without proof of total incapacity. If an invention is only partiallv 
successful in achieving a useful result, a rejection of the claimed invention as a 
whole based on a lack of utility is not appropriate. M.P.E.P. at 2107.01 (underline 
emphasis in original, bold emphasis added, citations omitted). 

Applicants submit that they have established that it is more likely than not that one of 
skill in the art would reasonably accept the utility for the claimed antibodies as tools to induce 
angiogenesis as set forth in the specification. In view of the above. Applicants respectfully 
request that the PTO reconsider and withdraw the utility rejection under 35 U.S.C. §101. 

Rejection Under 35 U.S,C. 8 112, First Paragraph - Enablement 

The Examiner has maintained the rejection of Claims 40-44 as not being enabled since 
the claimed invention is allegedly not supported by either a specific and substantial asserted 
utility, or a well-established utility. 

Applicants submit that in the discussion of the 35 U.S.C. § 101 rejection above. 
Applicants have estabUshed a substantial, specific, and credible utility for the claimed antibodies. 
Applicants therefore request that the Examiner reconsider and withdraw the enablement rejection 
to the extent that it is based on a lack of utility for the claimed antibodies. 
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CONCLUSION 

In view of the above, Applicants respectfully maintain that claims are patentable and 
request that they be passed to issue. Applicants invite the Examiner to call the undersigned if any 
remaining issues may be resolved by telephone. 

Please charge any additional fees, including any fees for additional extension of time, or 
credit overpayment to Deposit Account No. 1 1 - 1 4 1 0. 



Respectfully submitted, 

KNOBBE, MARTENS, OLSON & BEAR, LLP 



Dated: 




Customer No. 30,313 
(619) 235-8550 



1724198 
052305 
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The vascular endothelial growth factor (VEGF) family of secreted glycoproteins are critical inducers 
of angiogenesis (growth of blood vessels) and lymphangiogenesis (growth of lymphatic vessels). These 
proteins are attractive therapeutic targets for blocking growth of blood vessels and lymphatics in 
tumors and thereby inhibiting the growth and spread of cancer - in fact, the first VEGF inhibitor 
has recently entered the clinic for treatment of cancer. In addition, the VEGFs are being considered 
for stimulation of angiogenesis in the context of ischemic disease and lymphangiogenesis for treatment 
of lymphedema. These therapeutic possibilities have focused great interest on the molecular regulation 
of VEGF family members. Much has been learned in the past five years about the mechanisms 
controlling the action of the VEGFs, including the importance of hypoxia, proteolysis, transcription 
factors and RNA splicing. An understanding of these mechanisms offers broader opportunities to 
manipulate expression and activity of the VEGFs for treatment of disease. 
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Angiogenesis and lymphangiogenesis - the de- 
velopment of new blood vessels and lymphatics 
from the pre-existing vasculature, respectively - 
are processes with integral roles in embryonic 
development and numerous diseases. Angiogen- 
esis is the better understood of the two pro- 
cesses, in part due to the intense research focus 
placed upon the field because of the significance 
of blood vascular development for tumor 
growth and ischemic disease. Angiogenesis re- 
search has progressed to the point where the 
first molecular therapies targeting nascent 
blood vessels in cancer are reaching the clinic 
(1-4). 

A lack of molecular markers specific to the 
lymphatic system has been an impediment to 
lymphangiogenesis research until recently, when 



Invited Review. 



the identification of several such markers (re- 
viewed in (5, 6)) has led to molecular insights 
into lymphangiogenesis. Numerous pathologies 
are associated with the lymphatics, such as the 
metastatic spread of cancer and lymphedema, 
and therapeutic strategies based upon the ex- 
panding body of lymphatic knowledge are now 
being considered (7-9). 

The development of blood vessels and lym- 
phatics depends upon interactions between the 
vascular endothelium and signalling molecules 
derived from the serum and extracellular matrix 
(ECM). Among these signalling molecules, the 
vascular endothelial growth factor (VEGFs) 
family of proteins is central to angiogenesis and 
lymphangiogenesis. The VEGFs are dimeric en- 
dothelial cell mitogens encoded by five genes in 
mammals: VEGF (also known as VEGF-A), 
VEGF'B, VEGF-Q VEGF-D and placenta 
growth factor (PIGF) (10), Members of the fam- 
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ily are related by the characteristic VEGF 
homology domain (VHD), containing receptor 
binding sites and a conserved cystine-knot motif 
(10, 11), Variations in mRNA splicing generate 
isoforms of several of the VEGFs, adding to the 
complexity of the family (12-21). Recent work 
has advanced the understanding of the func- 
tions of the VEGFs, and uncovered some of the 
mechanisms by which they are regulated. This 
review will discuss the molecular and physio- 
logical stimuli controlling the expression and 
activity of the VEGF family in healthy and dis- 
eased tissues. 



THE BLOOD VASCULATURE 

VEGFs in embryonic development and 
physiological angiogenesis i 

VEGF. Embryonic development of the blood 
vascular system commences with the process of 
vasculogenesis, whereby endothelial cell precur- 
sors differentiate to endothelial cells and associ- 
ate to form the primary vascular plexus (22, 
23). Subsequent angiogenesis gives rise to a 
more extensive vasculature (22, 23). In the 
healthy adult, angiogenesis is chiefly restricted 
to wound healing and the female reproductive 
system. Postnatal neo-vascularization has been 
shown to make use of endothelial precursor 
cells from the bone marrow, which are incorpor- 
ated into the nascent vessels (24, 25). New ves- 
sels are therefore not exclusively derived from 
the cells of pre-existing vessels. 

The essential role of VEGF for embryonic va- 
sculogenesis has been established via gene dis- 
ruption studies. Disruption of a single VEGF 
allele causes embryonic lethality by embryonic 
day (E) 11 as a result of defective vasculogen- 
esis, angiogenesis and large vessel formation 
(26, 27). Postnatal ablation of VEGF causes 
death in mice up to approximately 4 weeks of 
age due to defects including impaired organ de- 
velopment and reduced vascularisation, prob- 
ably stenmiing from reduced angiogenesis (28). 
Disruption of VEGF signalling is apparently 
not harmful after this stage, although corpus 
luteum angiogenesis in the adult is VEGF de- 
pendent (29). VEGF therefore appears to have 
a limited role in maintaining the mature vas- 
culature, instead impacting on those systems 
with an ongoing dependence upon angiogenesis. 



Examination of the postnatal vascularisation 
of the retina reveals the mechanism whereby 
new vessels are stabilised and made VEGF-in- 
dependent. Newly formed vessels in the retina 
undergo regression in the absence of VEGF 
(30), as a result of endothelial cell apoptosis. 
Temporal studies of the developing retinal vas- 
culature reveal that formation of the vascular 
plexus precedes recruitment of pericytes to the 
new vessels, and pericyte association is crucial 
for stabilisation of the neo-vasculature (31). 
Therefore VEGF is necessary to maintain im- 
mature vessels and, without full pericyte cover- 
age, new vessels will regress in the absence of 
VEGF stimulation. 

The effects of VEGF are mediated by binding 
to VEGFR-1 and VEGFR-2, receptor tyrosine 
kinases expressed on the blood vascular endo- 
thelium (Fig. 1). Both VEGFR-1 and VEGFR- 
2 are essential for embryonic vascular develop- 
ment and viability, although differences in the 
phenotypes of mice lacking the receptors reveal 
distinct functions. VEGFR-2 is believed to be 
the principal pro-angiogenic receptor, as de- 
letion of the VEGFR-2 gene results in failed vas- 
culogenesis with a lack of organised vessels and 
haematopoietic precursors (32). VEGFR-1 ab- 
lation causes defective assembly of endothelial 
cells (33), related to the development of in- 
creased numbers of hemangioblasts (34). The 
VEGFR-1 intracellular tyrosine kinase domain 
is not essential for embryonic viability (35), sug- 
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Fig. /. Interaction of the VEGFs with receptors. 

Ligands for each receptor are listed. Where isoforms 
are not specified, all isoforms bind the receptor. Ma- 
ture and full-length forms of VEGF-C and VEGF-D 
are denoted "m" and 'T\ respectively. The proposed 
function is listed below each receptor. The role of 
VEGFR-1 in angiogenesis is uncertain. 
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gesting that VEGFR-1 may be a negative regu- 
lator of VEGF activity. 

Several isoforms of VEGF exist, generated by 
alternative mRNA splicing (12-16). The small- 
est isoform, VEGF121 is freely soluble, whereas 
VEGF189 and VEGF206 are completely bound 
to the ECM (36). The predominant isoform, 
VEGF155, exists as both soluble and ECM- 
bound forms. Emerging data show specific 
functions for the VEGF isoforms (37), possibly 
relating to the isoform-specific binding of 
VEGF to a second class of receptors, the 
Neuropilins. Neuropihn-l (NRP-1) and Neuro- 
pilin-2 (NRP-2) are cell surface receptors as- 
sociated with neuronal guidance (38). VEGF165 
binds both NRP-1 and NRP-2, but VEGF, 45 
binds NRP-2 only (39-41). Overexpression of 
the NRP-1 gene is lethal at the embryonic stage, 
resulting in excessive capillary and blood vessel 
formation, thinning of the walls of the heart, 
and defects in other systems (42). Likewise, de- 
letion of NRP-1 causes death due to defects in 
embryonic vascularisation, although at later 
stages than those seen in VEGFR-2 deficient 
mice (43). NRP-2 is not required for viability, 
but disruption of both NRP-I and NRP-l genes 
results in embryonic death due to severe vascu- 
lar abnormalities, similar to those of VEGF or 
VEGFR-2 deficient mice (44). Furthermore, 
co-expression of NRP-1 with VEGFR-2 sug- 
gests that NRP-1 enhances VEGF binding to 
VEGFR-2 (40). NRP-1 may therefore function 
in concert with VEGFR-2 as a VEGF co-recep- 
tor during angiogenesis. 

Despite the function of VEGF as a primary 
inducer of angiogenesis, some studies of VEGF- 
mediated initiation of blood vessel growth sug- 
gest that this growth factor alone is insufficient 
to establish mature vessels. Studies in which 
VEGF is elevated, in muscle from engineered 
myoblasts (45), transgenically in the skin (46) or 
systemically using adenoviral vectors (47) re- 
sulted in vascular leakage with associated in- 
flammation. It seems that additional signalling 
molecules, most notably the Angiopoietins, 
their receptors the Ties, and the Ephrins are 
also necessary to give rise to fully functional 
vessels (23, 48-50). 

VEGF-B. Although closely related to VEGF 
(19, 51), the physiological function of VEGF-B 
is less clear. Alternative RNA splicing generates 



two isoforms of VEGF-B, VEGF-B167 and 
VEGF-B (20), the larger of which is the pre- 
dominant mRNA species (52). Both isoforms 
are ligands for VEGFR-1 and NRP-1 (Fig. 1), 
although VEGF-B requires proteolytic cleav- 
age of the C-terminal region for binding to 
NRP-1 (53) (Fig. 2). Neither isoform binds 
VEGFR-2 or VEGFR-3 (53, 54). VEGF-B in- 
duces a mitogenic response in endothelial cells 
in vitro (51), and expression of VEGF-B in the 
embryonic heart and adult cardiac and skeletal 
muscle suggests a role in vascularisation of the 
musculature (51). However, VEGF-B does not 
appear to be strongly angiogenic as indicated by 
adenoviral delivery to periadventitial tissue (55) 
or hindlimb skeletal muscle (56). Unlike VEGF, 
mice lacking VEGF-B are viable, but suffer 
from smaller hearts, abnormal coronary vas- 
culature and defective recovery from cardiac 
ischemia (57). Certain VEGF isoforms are also 
required for development of the heart (37), and 
coexpression studies have shown that VEGF 
and VEGF-B can form heterodimers (51). To- 
gether these data indicate a role for VEGF-B 
in cardiac development, possibly in cooperation 
with VEGF 

PIGK PIGF is expressed in the placenta 
throughout pregnancy, and also in the heart, 
lung, brain and skeletal muscle (58, 59). Alter- 
native splicing of the human primary transcript 
generates three isoforms: PIGF131 (PlGF-1), 
PIGF152 (PlGF-2) and PIGF203 (PlGF-3) (17, 
18). Like VEGF-B, PIGF is a ligand for 
VEGFR-1 but not VEGFR-2 (58, 60), and 
PlGF-2 is able to bind NRP-1 and NRP-2 (61, 
62) (Fig. 1). PIGF homodimers are poor in- 
ducers of angiogenesis in vivo, and only provoke 
a weak mitogenic response from endothelial 
cells (60, 63). VEGF can form heterodimers 
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Fig. 2, Proteolytic activation of the VEGFs. Shading 
represents regions of the protein removed by proteol- 
ysis. Functional outcomes of proteolysis are listed be- 
low each growth factor. 
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with P1GF(63), although conflicting evidence 
exists as to the capacity of such heterodimers to 
induce angiogenesis (63, 64). Deletion of the 
P/Gf gene in mice does not cause significant de- 
fects in vascular development (65), although 
overexpression of PlGF 'm the skin results in in- 
creased vessel formation and permeability (66), 
demonstrating a pro-angiogenic role for the 
growth factor. PIGF stimulates angiogenesis as 
well as migration and proliferation of endothelial 
cells in vitro in a manner dependent upon VEGF 
and VEGFR-1 (65). A model has been suggested 
to explain these observations (65), in which PIGF 
binding to VEGFR-1 signals for angiogenesis, 
whereas VEGF binding does not. PIGF binding 
to VEGFR-1 would displace VEGF from the re- 
ceptor, increasing the amount of soluble VEGF 
available for pro-angiogenic binding to VEGFR- 
2. The VEGFR-1 tyrosine kinase domain is not 
essential for embryonic vascular development 
(35), indicating that VEGFR-1 acts as a non-sig- 
nalling receptor which is consistent with the nor- 
mal vascular development observed in PIGF de- 
ficient embryos (65). 

In vivo studies of ischemia have shown that 
PIGF treatment stimulates arteriogenesis, the 
enlargement of pre-existing arterioles (67, 68). 
Ablation of the PIGF gene inhibits this process, 
a phenotype which can be rescued by bone mar- 
row transplantation (69). PIGF is capable of 
stimulating migration and tissue factor produc- 
tion in monocytes (70), and PIGF treatment re- 
sults in elevated extravasation of macrophages 
(68). These lines of evidence concur with the ob- 
served contribution of bone marrow derived en- 
dothelial cell precursors to vessel formation 
(25), indicating a role for haematopoietic cells 
in angiogenesis, in response to stimulation by 
PIGF 

Pathological angiogenesis 

Aberrant or insufficient vascularisation of 
tissues is a feature of several pathologies, in- 
cluding arthritis, atherosclerosis, diabetic retin- 
opathy and tumor growth. In the case of cancer, 
access to the blood supply and the nutrients 
therein is a necessary precursor for significant 
tumor growth, making tumor angiogenesis . a 
target for emerging therapeutics (71-74). In 
contrast to developmental angiogenesis, tumor 
angiogenesis results in irregularly shaped, con- 
voluted vessels that exhibit disorganised or even 



reversed blood flow (73). Furthermore, tumor 
derived vasculature is often leaky, a character- 
istic of immature blood vessels (75). Tumor 
angiogenesis may incorporate cancer cells into 
the wall of the developing vessel (76), and tumor 
models have been reported in which vessel 
growth involves the recruitment of circulating 
endothelial precursor cells, suggesting that new 
vessels are not solely derived from pre-existing 
vasculature (25). It has also been hypothesised 
that some tumor cell types may form vessel-like 
structures independently of the endothelium 
(77). Tumor angiogenesis therefore appears to 
be a somewhat chaotic process, in which nor- 
mal signalling molecules are co-opted in a disor- 
ganised manner to provide the tumor with im- 
proved access to the blood supply (73). 

The evidence for VEGF as a primary inducer 
of tumor angiogenesis is extensive. Animal 
xenograft models of cancer in which the VEGF 
gene has been disrupted, or VEGF signalling 
blocked, show drastically reduced growth of tu- 
mors, demonstrating the significance of VEGF 
in tumor growth (27, 78-80). Surveys of human 
cancers reveal significant elevation of VEGF ex- 
pression in the majority of tumors examined, 
including those from the lung, breast, gastroin- 
testinal tract, ovary and colon (81-85). Express 
sion of VEGF correlates with increased tumor 
vascularisation and poor patient prognosis (81, 
86, 87), suggesting VEGF as a therapeutic tar- 
get, and leading to the development of therapies 
based upon inhibition of VEGF activity. The 
approval of the US Food and Drug Administra- 
tion of Avastin^^, a neutralizing antineutral- 
izing antibody to VEGF, for treatment of meta- 
static colorectal cancer has focussed great inter- 
est on the field of anti-angiogenesis as an 
approach to cancer therapy (1,4). 

PIGF may be associated with pathological 
angiogenesis as demonstrated by decreased vas- 
cularisation of tumor models lacking PIGF 
(65), although expression of PIGF has been re- 
ported to be variable in human cancers (88-90). 
Inhibition of the PIGF receptor VEGFR-1 sug- 
gests a role for PIGF in tumor angiogenesis as 
well as arthritis and atherosclerosis (67), pos- 
sibly through synergistic effects with VEGF (re- 
viewed^ in (91)). Examination of VEGF-B in tu- 
mors reveals little conclusive data to indicate a 
substantial role for VEGF-B in tumor pro- 
gression (92, 93), although isoform specific vari- 
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ation of VEGF-B expression in tumors has been 
reported (52). 

Molecular regulation of angiogenic VEGFs 
VEGF 

Hypoxia. Cellular growth and proliferation 
beyond the dimensions through which oxygen 
can readily diffuse results in reduced oxygen 
tension in the tissue. Within the cell, a number 
of metabolic alterations occur in response to 
hypoxia, including the synthesis of pro-angio- 
genic growth factors targeting the vascular en- 
dothelium, most notably VEGF (94). Hypoxia 
has been demonstrated to be a major regulator 
of VEGF both in vitro and in vivo (95-97) 
(Table 1), and VEGF mRNA is elevated in is- 
chemic tumor cells adjacent to areas of necrosis 
(98). These observations have led to efforts to 
identify inhibitors of the hypoxic response as 
novel cancer therapeutics (99). 

The cellular response to hypoxia is mediated 
by the hypoxia-inducible transcription factor 
(HIF-1), a heterodimeric protein which binds to 
hypoxia response elements (HRE) in the pro- 
moter/regulatory regions of hypoxia-inducible 
genes, including the VEGF gene, and initiates 
transcription by recruitment of transcriptional 
activators such as CREB/p300 (100). Under 
normoxic conditions, the a subunit of HIF-1 is 
degraded via the ubiquitin-proteasome path- 
way, preventing formation of active HIF-1 (for 
review of HIF-1 regulation see (101)). The 
ubiquitination step is mediated by the von Hip- 
pel-Lindau (VHL) protein (102), which recog- 
nises hydroxylated proline residues in HIF-la 
(101). Proline hydroxylation of HIF-la is cata- 



lysed by a family of three prolyl hydroxylases 
utihsing molecular oxygen as a substrate (103). 
Studies of recombinant prolyl hydroxylases 
demonstrate that the affinity of these enzymes 
for oxygen is such that their activity is reduced 
at oxygen concentrations observed in hypoxic 
tissues (104), leading to reduced ubiquitination- 
degradation of HIF-la. Hydroxylation of an as- 
paragine residue also regulates the activity of 
the C-terminal transactivation domain of HIF- 
la by blocking interactions with the transcrip- 
tional activator p300 (105). As with the prolyl 
hydroxylases, activity of the enzyme responsible 
is dependent upon oxygen concentration at 
physiological levels (106, 107). Hydroxylation of 
HIF-la therefore acts as a hypoxia sensitive 
switch linking local oxygen concentrations to 
the stability and activity of the transcription 
factor, and hence to VEGF expression. 

Genes associated with transformation. Numerous 
genes associated with tumorigenic transform- 
ation are also involved with regulation of VEGF 
expression (Table 1). Examination of the VEGF 
gene promoter region reveals the presence of con- 
sensus AP-1 sequences, sites recognised by the c^ 
fos family of transcription factors (15). The c-fos 
family are proto-oncogenes which activate tran- 
scription by binding to AP-l sites in transcrip- 
tional promoters (for review see (108)). Since fos 
is upregulated by treatment with phorbol esters 
and various growth factors, VEGF expression 
could also be elevated in response to these stim- 
uh, as is indeed the case (15, 109-1 12). 

The ros oncogene is another logical candidate 
to activate VEGF expression, as ras activity is a 



TABLE 1. Regulators of the VEGFs. Arrows indicate positive (^) or negative (i) stimuli 

VEGF PIGF VEGF-B VEGF-C VEGF-D 

Regulation of transcription 
1 Hypoxia 
T Inflammatory 
mediators/ 
COX-2 
T AP-l tran- 
scription factors 
T Mutant ras 
T Mutant p53 

Post-transcriptional regulation 
T Proteolysis 
(release from 

ECM) 



T Hypoxia 
T FoxDl 

transcription 

factor 



T Inflammatory 
mediators/ 
COX-2 



T Proteolysis 



T Proteolysis 



T AP-l transcription 

factors 
T Cell-cell contact 



T Proteolysis 
i Cytosolic 
P'Catenin 
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component of the signal transduction pathway 
linking extracellular stimuli to AP-1 mediated 
activation of transcription (108). Oncogenic, ac- 
tivated ras stimulates VEGF expression in cell 
lines (113, 114), and ras activity is associated 
with VEGF expression, tumorigenicity and 
angiogenesis in mouse models of cancer (115, 
116). Therefore oncogenic ras may play a role 
in stimulating angiogenesis as well as driving 
proliferation of tumor cells in cancer. 

A transcriptionally inactive mutant of the tu- 
mor suppressor p53 causes elevated VEGF ex- 
pression (117), and wild-type p53 represses 
VEGF transcription (118). Deletion of the p53 
gene in tumor cells results in enhanced vascu- 
larisation and tumor growth, and p53-deficient 
cells show increased induction of VEGF under 
hypoxic conditions (119). The p53 protein pro- 
motes ubiquitination and degradation of HIF- 
la (1 19), hence VEGF expression is enhanced by 
HIF-1 in the absence of p53. In addition to upre- 
gulating VEGF, mutation of p53 may confer re- 
sistance to antiangiogenic therapies, as hypoxia- 
induced apoptosis is p53 dependent. A p53 mu- 
tant tumor model has shown reduced responsive- 
ness to therapies targeting the vasculature (120), 
demonstrating that p53 status may be a factor 
when considering anti-VEGF therapies. 

RNA splicing isoforms and proteolysis. VEGF 
exists as a number of isoforms derived from 
mRNA splice variants (12, 14-16). The iso- 
forms differ at the C terminus, with the larger 
variants exhibiting substantial affinity for hep- 
arin (36). The smallest isoform, VEGF121, does 
not bind heparin and is freely soluble upon se- 
cretion, whereas the higher molecular weight 
isoforms bind to the cell surface/extracellular 
matrix (ECM) (36, 121). VEGF isoforms 
sequestered in this way can be released from the 
ECM by the action of heparinase or the fi- 
brinolytic serine protease plasmin, giving rise to 
soluble, biologically active molecules (36, 121) 
(Fig. 2). It has been proposed that the ECM- 
bound forms of VEGF represent a pool of 
available growth factor, which can be activated 
in the course of tissue remodelling in conjunc- 
tion with the degradation of ECM components ' 
necessary for neovascularisation (121). 

Inflammatory cytokines and cyclooxygenase-2 
(COX-2). The inflammatory condition rheu- 



matoid arthritis is characterised by proliferation 
of the synovium, including large numbers of 
blood vessels, and invasion of the adjacent car- 
tilage. Angiogenesis is a significant component 
of this process, believed to be driven by local 
production of angiogenic growth factors (91). 
Inflammatory mediators such as IL-la, IL-ip, 
TGF-P and prostaglandin E2 (PGE2) induce 
VEGF expression in a number of cell types, in- 
cluding umbilical vein endothehal cells, smooth 
muscle cells and synovial fibroblasts (111, 122- 
125). VEGF is therefore a potential target for 
intervention in inflammatory disease. Further- 
more, the enzyme COX-2 is an inducible com- 
ponent of the inflammatory prostaglandin syn- 
thesis pathway, and is upregulated in many hu- 
man cancers (126). Inhibitors of the enzyme 
demonstrate anti-angiogenic activity in animal 
models of cancer, suggesting that COX-2 activ- 
ity may be a target for therapies acting in- 
directly on VEGF (127, 128). 

FIGF and VEGF^B 

Like VEGF, PIGF is also induced by hypoxia 
(129), and recent work has shown P/GF expres- 
sion to be activated by FoxDl, a member of the 
ForkheadAVinged Helix family of transcription 
factors associated with branching of the ureteric 
bud in the kidney (130). P/GF-null mice have 
not been reported to develop renal defects, indi- 
cating either a non-essential or redundant role 
for PIGF in the kidney. In addition, PIGF is 
upregulated in keratinocytes during wound 
healing (65, 131). The three human isoforms of 
PIGF differ in their affinities for the ECM, with 
PlGF-2 incorporating a sequence of 21 amino 
acids necessary for binding to heparin (17, 132). 
VEGF and PIGF are therefore both regulated 
according to tissue oxygenation and matrix in- 
teractions, demonstrating the interplay between 
vascular development and the ECM. 

VEGF-B does not respond to hypoxia, Ras 
oncoprotein or several other stimuli known to 
regulate other VEGF family members (112, 
133, 134), and the mechanisms whereby VEGF- 
B gene expression is regulated remain unclear. 

THE LYMPHATIC VASCULATURE 

The lymphatic vasculature is composed of a net- 
work of blind-ended, thin-walled vessels and 
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capillaries lined by a continuous layer of endo- 
thelial cells (135). Extravasated fluid and solutes 
from the extracellular spaces are collected by 
the initial lymphatics, then passed through a 
network of progressively larger lymphatic ves- 
sels, finally returning to the blood circulation 
via the thoracic duct (136). In addition, the lym- 
phatic system is a major site of immune surveil- 
lance as stimulated dendritic cells migrate to the 
lymph nodes where foreign antigens are pre- 
sented to lymphocytes (137). 

Embryonic development and physiological 
lymphangiogenesis 

The lymphatic vessels develop subsequent to 
the formation of the blood vasculature, leading 
to the suggestion that they are derived from the 
blood vessels (138). Recent advances in the 
understanding of lymphatic development have 
shown that expression of the homeobox tran- 
scription factor Prox-1 by a population of endo- 
thelial cells in the cardinal vein during embryo- 
genesis is a defining characteristic of differen- 
tiation to the lymphatic phenotype (139, 140). 
Subsequent budding and sprouting of the Prox- 
1 positive cells gives rise to the lymphatic vas- 
culature (for review see (141)). 

Two members of the VEGF family, VEGF-C 
and VEGF-D, have been shown to act as 
lymphangiogenic growth factors (142, 143). Ex- 
pression of either growth factor in the skin of 
transgenic mice results in lymphatic hyperplasia 
without altering the blood vasculature (143, 
144). Disruption of the VEGF-C gene demon- 
strates that the growth factor is indispensable 
for embryonic lymphangiogenesis (145). Em- 
bryos carrying a homozygous deletion of 
VEGF-C are not viable, and fail to form the 
initial lymph sacs which generate the lymphatic 
vasculature, Prox-l expression was detected in 
endothelial cells of VEGF-C deficient embryos, 
but the Prox-1 positive cells failed to migrate 
from the cardinal vein (145), indicating that 
VEGF-C is required for migration of the endo- 
thelial cells which go on to form the lymphatic 
system. VEGF-C exhibits a gene dosage effect 
as mice carrying only one functional VEGF-C 
allele are prone to lymphedema (145). The role 
of VEGF-D during embryonic development is 
unknown. 

In the human, VEGF-C and VEGF-D are 
ligands for VEGFR-2 and the related receptor 



tyrosine kinase VEGFR-3 (146, 147), although 
mouse VEGF-D binds only VEGFR-3 (148). In 
the early embryo VEGFR-3 is broadly ex- 
pressed on the endothelium, but in time be- 
comes restricted to the lymphatic endothelium 
(149), leading to the suggestion that VEGFR-3 
signals for lymphangiogenesis. Functional 
studies support this hypothesis, demonstrating 
that VEGFR-3 transduces mitogenic and mi- 
gratory signals in lymphatic endothelial cells, 
and stimulation of the receptor blocks 
apoptosis induced by serum starvation (150). 
Furthermore, expression in the skin of a mutant 
form of VEGF-C specific for VEGFR-3 causes 
lymphatic hyperplasia without altering blood 
vessel structure (143), and disruption of 
VEGFR-3 signalling in the same model blocks 
development of the lymphatic phenotype (143). 
VEGFR-3 is therefore a major transducer of 
lymphangiogenic signalling in the adult. In ad- 
dition, deletion of the VEGFR-S gene results in 
embryonic death due to defective remodelling of 
the large blood vessels (151). VEGFR-3 there- 
fore has a role in embryonic vascular develop- 
ment prior to the emergence of the lymphatics. 

VEGF-C has also been shown to bind to 
NRP-2 (152), and deletion of the NRP-2 gene 
impairs formation of the small lymphatics 
(153), leading to the hypothesis that NRP-2 
may act as a co-receptor for VEGFR-3, in a 
fashion analogous to NRP-1 acting as a co-re- 
ceptor for VEGFR-2 (Fig. 1). 

Examination of VEGF-C and VEGF-D func- 
tion in a number of assays has also shown an 
angiogenic activity for the growth factors (154- 
158), presumably via activation of VEGFR-2. 
Gene delivery experiments using adenoviruses 
expressing VEGFs show induction of angiogen- 
esis by VEGF-C and VEGF-D in vivo (55, 56). 
Although the physiological significance of 
VEGF-C and VEGF-D in angiogenesis is un- 
clear the promising results achieved so far with 
gene delivery approaches suggest a role for the 
factors in therapy for ischemic disease. 

Pathological lymphangiogenesis and lymphatic 

dysfunction 

Cancer, Given the propensity for numerous 
types of cancer to metastasize via the lymphatic 
system, it has been proposed that tumors may 
stimulate lymphangiogenesis in a manner anal- 
ogous to tumor angiogenesis, thereby promot- 
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ing lymphogenous metastasis (6, 159). The pro- 
duction of lymphangiogenic growth factors is 
believed to stimulate lymphatic vessel develop- 
ment in the region of the tumor, enabling cancer 
cells to gain access to the lymphatic vasculature. 

A number of animal models have been utilised 
to examine the potential of VEGF-C and VEGF- 
D to promote lymphatic metastasis. Studies in 
which VEGF-C or VEGF-D were expressed in 
transplanted tumor cells or transgenic tumor 
models have demonstrated that these growth fac- 
tors promote tumor lymphangiogenesis and lym- 
phatic metastasis (160-164), Furthermore, 
clinicopathological studies of these lymphangio- 
genic growth factors in cancer reveal that, in 
many instances, expression of VEGF-C or 
VEGF-D does indeed correlate with the capacity 
of a tumor to metastasize (165-170). Analysis of 
xenograft tumor models has revealed that 
VEGF-C and VEGF-D can also drive tumor 
angiogenesis and accelerate solid tumor growth 
(158, 164), potentially as a result of VEGFR-2 
activation. For a complete discussion of VEGF- 
C and VEGF-D and tumor lymphangiogenesis, 
see Stacker et al., this issue. 

Lymphedema. A spectrum of pathologies exists 
stemming from inadequate lymphatic function 
(for review of disorders of the lymphatic system 
see (135, 171)). Although sharing the common 
feature of fluid accumulation in tissues as a re- 
sult of inadequate lymphatic drainage (lym- 
phedema), the underlying causes may be either 
familial or acquired. Specific genetic lesions 
have been identified in a few instances of in- 
herited lymphedema, providing insights into 
lymphangiogenesis. Specifically, mutations in 
the VEGFR-3 gene have been identified in a 
number of cases (172, 173), and the forkhead 
transcription factor FOXC2 is also implicated 
in congenital lymphedema (174). Acquired lym- 
phedema can be the result of infection (com- 
monly filariasis) or lymph node resection and 
radiation treatment of cancer. Regardless of the 
cause, current treatments for lymphedema are 
targeted towards alleviating symptoms rather 
than treating the underlying causes (171). A 
better understanding of the molecular control 
of lymphangiogenesis offers the potential to de- 
velop novel treatments for this painful and dis- 
figuring condition based on stimulating lym- 



phatic development to enhance or restore lym- 
phatic function (7, 8). 

Molecular regulation of lymphangiogenic 
VEGFs 

Proteolytic activation of VEGF-C and VEGF- 
/>. VEGF-C and VEGF-D are both synthesised 
as proproteins, with the central receptor binding 
VEGF homology domain (VHD) flanked by N- 
and C-terminal propeptides (146, 147). During 
biosynthesis the propeptides are cleaved off, 
yielding the mature VHD (175, 176). As a 
consequence of proteolysis VEGF-C acquires 
the capacity to bind to VEGFR-2 (175) and a 
recombinant mature form of VEGF-D shows 
an approximately 290-fold greater affinity for 
VEGFR-2 than unprocessed VEGF-D (176). 
Full-length forms of both growth factors bind 
to VEGFR-3, but do so with greater affinity 
after proteolytic maturation (175, 176). In sup- 
port of these observations, mutation of one of 
the sites of proteolytic cleavage in VEGF-C has 
been shown to reduce lymphangiogenesis and 
angiogenesis induced by VEGF-C in a mouse 
tumor model (177). 

The capacity of the mature forms of VEGF- 
C and VEGF-D to act as ligands for VEGFR- 
2 explains how these proteins stimulate angio- 
genesis in addition to lymphangiogenesis (156- 
158, 164). The proteolysis-dependent binding to 
VEGFR-2 may represent a mechanism whereby 
the angiogenic activity of VEGF-C and VEGF- 
D is activated. 

The marked effect of the proteolytic acti- 
vation of VEGF-C and VEGF-D on their af- 
finity for VEGFR-2 and VEGFR-3 indicates 
that the enzymes carrying out this processing 
are important regulators of lymphangiogenesis 
and angiogenesis. Treatment of VEGF-C and 
VEGF-D with the fibrinolytic serine protease 
plasmin was recently shown to generate fully 
processed, mature forms of the VHD with 
greatly enhanced capacities to activate both 
VEGFR-2 and VEGFR-3 (178). Since plasmin 
can also release ECM -bound VEGF, this en- 
zyme is capable of activating both angiogenic 
(36) and lymphangiogenic growth factors (Fig. 
2). These findings suggest that plasmin is a mas- 
ter regulatory molecule that co-ordinates 
lymphangiogenesis, angiogenesis and fibrinoly- 
sis during wound healing. 

Some members of the furin/proprotein con- 
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vertase (PC) family of proteases have also been 
shown to partially activate VEGF-C (177). The 
PCs are a family of ubiquitously expressed pro- 
teases capable of activating a range of precursor 
proteins by cleavage downstream of dibasic resi- 
dues. Substrates for the PCs include numerous 
growth factors, zymogens, receptors and viral 
proteins (for review of PC function see (179, 
180)). The PCs furin, PCS and PC7 are able to 
cleave VEGF-C at the C-terminal site of pro- 
teolysis, thereby cleaving the C-terminal pro- 
peptide from the VHD (177). However, it is not 
known if PCs cleave the N-terminal propeptide 
from the VHD, nor if they process VEGF-D. 

These observations suggest a model in which 
VEGF-C and VEGF-D may . be activated in 
various biological contexts. Firstly, regulated 
expression of PCs could activate VEGF-C and 
VEGF-D during embryogenesis, when plasmin 
is unlikely to play a role (note that mice de- 
ficient for plasminogen, the plasmin precursor, 
are viable and have not been reported to suffer 
lymphedema (181)). Plasmin could activate 
VEGF-C and VEGF-D from a pool of inactive 
full-length molecules in response to tissue dam- 
age in adults. It is known that both VEGF-C 
and VEGF-D are localised in vascular smooth 
muscle in adult human tissues (182, 183). Local 
activation of these molecules in response to 
tissue damage and plasmin production could 
represent a mechanism for stimulating rapid 
vessel repair during wound healing. In addition, 
activation of VEGF-C and VEGF-D by plas- 
min may be associated with tumor lymphangio- 
genesis, given that plasminogen deficient mice 
show delayed formation of lymph node meta- 
stases when inoculated with Lewis lung carci- 
noma cells (184). Upregulation of VEGFR-2 
and VEGFR-3 on blood vessels during wound 
healing and tumor angiogenesis (185) may fa- 
cilitate the development of new vessels. 

Induction of VEGF-C expression by inflammatory 
cytokines. Interleukin-1 (IL-1) and Tumor Ne- 
crosis Factor-a (TNF- a) stimulate VEGF-C 
expression in human lung fibroblasts and hu- 
man umbilical vein endothelial cells (HUVEC) 
(186). In conjunction with inflammation-in- 
duced VEGF expression and angiogenesis, ex- 
pression of VEGF-C and consequent lymph- 
angiogenesis may have a role in maintaining fluid 
balance in the inflamed tissue. Also, an immune 



response at the site of inflammation may depend 
upon increased lymphatic function in the affect- 
ed area. It therefore seems logical that inflamma- 
tory mediators can induce expression of a lymph- 
angiogenic growth factor such as VEGF-C. 

VEGF'C and COX-2. The association of 
VEGF-C with the inflammatory response ex- 
tends to COX-2. Recent work has shown COX- 
2 to be capable of upregulating VEGF-C ex- 
pression in human lung adenocarcinoma cells 

(187) . In addition to VEGF-Q COX-2 activity 
and some prostaglandins produced by COX-2 

(188) also elevate angiopoietin-2, another pro- 
tein required for lymphangiogenesis (189). 
COX-2 is therefore an inducer of two proteins 
integral to lymphangiogenesis. This relationship 
has significant implications for tumor lymph- 
angiogenesis and metastasis, given the earlier 
observation that elevated COX-2 expression 
may be associated with lymph node metastasis 
from adenocarcinoma of the lung (190). COX-2 
may therefore be a major inducer of angiogenic 
and lymphangiogenic proteins, and a potential 
target for anti-metastatic therapies based upon 
existing anti-inflammatory compounds. 

VEGF-D induction by fos. The mouse homolo- 
gue of VEGF'D was originally identified as a 
novel c-fos responsive gene (191), and sub- 
sequent investigation of the X-linked human 
VEGF-D gene (192) revealed a canonical AP-1 
binding site in the transcriptional promoter 
(192, 193). It has been reported that VEGF-D 
levels are high in glioblastoma multiforme 
(GBM), yet levels of c-fos are very low in this 
tumor (194). However, the fos-related antigen- 
1 (fra-l), another AP-l transcription factor, is 
elevated in GBM and induces VEGF-D expres- 
sion (194). Therefore, the AP-1 transcriptional 
activation pathway appears to be a regulator of 
VEGF-D expression. Although the significance 
of this relationship in healthy physiology is un- 
clear, the association between increased tran- 
scription mediated by AP-1 and tumorigenesis 
is well established (108). Therefore, elevated AP- 
1 activity may lead not only to neoplasia, but 
also to tumor angiogenesis and lymphangiogen- 
esis via elevated VEGF-D expression. 

VEGF-D and cell-cell contact. The cadherins are 
a family of calcium-dependent cell surface pro- 
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teins which mediate cell-cell adhesion through 
homotypic binding with their counterparts on 
adjacent cells (195). VEGF-D expression has 
been shown to be enhanced by cadherin-11 in 
vitro whereas inhibition of cadherin-11 expres- 
sion reduces VEGF-D induction (196). In ad- 
dition, VEGF-D mRNA stability is downreg- 
ulated by cytosolic p-catenin (197). P-catenin 
exists either as a structural protein at the cell 
membrane in a complex with the cadherins, or 
in the cytoplasm. Repression by cytosolic P-cat- 
enin and upregulation in response to cadherin- 
1 1 implies that VEGF-D expression is depend- 
ent upon stable cellular interactions with the 
surrounding environment, and may have impli- 
cations for the secretion of lymphangiogenic 
growth factors by migrating cells. 

CONCLUDING REMARKS 

Numerous members of the VEGF family share 
common mechanisms of regulation. Regulating 
the angiogenic and lymphangiogenic activities 
of the VEGFs via common pathways may allow 
coordinated development of the lymphatic and 
blood vasculature, necessary for fluid homeo- 
stasis. 

The existence of multiple protein isoforms 
generated by variations in RNA splicing has 
been reported for all mammalian VEGFs except 
VEGF-C In the case of VEGF (14-16), VEGF- 
B (19, 20) and PIGF (17, 18) the generation of 
isoforms with different affinities for heparin 
and the ECM/cell surface regulates the biologi- 
cal distribution of these molecules. However, 
the significance of the two isoforms of mouse 
VEGF-D (21), that differ in the C-terminal pro- 
peptide, is as yet unknown. 

Proteolysis regulates several VEGFs (Fig. 2), 
and significantly influences receptor affinity of 
one isoform of VEGF-B (53), and receptor af- 
finity and specificity of VEGF-C (175) and 
VEGF-D (176). Proteolysis also modulates 
VEGF activity, by releasing ECM-bound forms 
of VEGF (36). The findings that plasmin can 
activate both VEGF-C and VEGF-D (178), in 
addition to releasing VEGF from the ECM 
(36), indicate the potential importance of this 
protease for co-ordinating angiogenesis, lymph- 
angiogenesis and fibrinolysis in wound healing. 

Hypoxia is a critical stimulus for the angio- 



genic factors VEGF (95-98) and PIGF (129); 
however, there is no compelling evidence that 
it drives the expression of the lymphangiogenic 
growth factors VEGF-C and VEGF-D. This 
seems logical given that modulation of tissue 
oxygenation is not a direct function of the lym- 
phatic vasculature. 

The identification of the VEGFs as inducers 
of angiogenesis and lymphangiogenesis has led 
to new therapeutic possibilities for diseases as- 
sociated with vascular function. These include 
stimulation of these processes using recombin- 
ant proteins or gene delivery systems to treat 
ischemic disease and lymphedema. Addition- 
ally, pathological angiogenesis and lymphangio- 
genesis in solid tumors could be blocked by in- 
hibitors of these growth factors, such as mono- 
clonal antibodies and soluble receptors. 
However, as our understanding of the mechan- 
isms regulating the VEGFs becomes more ex- 
tensive there will be opportunities to manipulate 
the stimuli that influence the production or ac- 
tivity of these growth factors. For example, it 
may prove clinically attractive to inhibit the pro- 
teases that activate the lymphangiogenic growth 
factors in order to block formation of tumor 
lymphatics and the resultant lymphogenous 
metastasis. Likewise, inhibitors of the HIF-1 
hypoxia response pathway may be of benefit to 
block production of VEGF and resultant tumor 
angiogenesis (99). Future advances in our 
understanding of the biological regulation of 
the VEGFs will reveal more potential ap- 
proaches for manipulating angiogenesis and 
lymphangiogenesis in the chnic. 
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